Self-assembled cylindrical tubules of chiral phospholipids are interesting supramolecular structures. Understanding the moleculartilt order is a key step in controlling the size and shape of the tubules and designing new functional materials. The current theories based on the chiral interactions, coupled with molecular tilt, have predicted that the tubules could have both uniform and modulated tilt states. Here, we image the molecular-tilt order in the self-assembled tubules of a chiral phospholipid by using liquid crystals as an optical amplification probe. We demonstrate that the organization of the molecular-tilt azimuth in the lipid tubules can induce an azimuthal orientation in the liquid crystals. Both uniform and modulated tilt states of the lipid tubules are observed after liquid-crystal optical amplification.
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liquid-crystal amplification ͉ molecular ordering ͉ self-assembly ͉ optical amplification ͉ supramolecular structure T he self-assembled cylindrical tubules have attracted considerable attention because of their interesting supramolecular structures and technological applications (1, 2) . It has been found that a variety of amphiphilies, including alkylaldonamides (3), diacetylenic phospholipids (4, 5) , amino acid-based surfactants (6, 7) , and multicomponent mixtures in bile (8, 9) , selfassemble into cylindrical tubules in solutions. Recently, advances have been made in controlling the sizes and shapes of tubules by adjusting the chemical compositions and the conditions under which self-assembly occurs (10) (11) (12) (13) (14) (15) (16) .
Theoretical models based on the chiral interactions, coupled with molecular tilt, have been used to explain the formation of the cylindrical tubules (17) (18) (19) . In these models, the chiral molecules do not pack parallel to their neighbors but, rather, at a nonzero angle with respect to their neighbors. This chiral packing causes the twisting of a bilayer stripe, which leads to the formation of cylindrical tubules. The model by Selinger et al. (19) suggests that the tubules can have both uniform and modulated tilt states. In the uniform tilt state, the tubule has a constant orientation of the molecule tilt with respect to the equator of the cylinder (Fig. 1a) . In the modulated tilt state, the tubule has a periodic modulated structure by helical stripes in the molecular tilted direction winding around the cylinder. The direction of the molecular tilt smoothly varies across the stripes and jumps at the edges of the stripes (Fig.  1b) . These stripes in the tubules are suggested to be analogous to the tilted stripes seen in the Langmuir monolayers (20) but in a cylindrical rather than a planar geometry. To our knowledge, there has been no experimental test of the theoretical predictions because of the difficulty in probing the local direction of the molecular tilt in the tubules.
In recent years, there has been an increased interest in developing an imaging technique based on liquid-crystal optical amplification for studying the structures and physical properties of organic and biological interfaces (21) (22) (23) (24) (25) . It has been demonstrated that liquid crystals can map differences in the spatial orientation of terminal groups in self-assembled monolayers (SAMs) formed from alkanethiols that differ by single methylene (21) . This change in the spatial orientation between odd and even number of methylene groups in SAMs can cause a 90°r otation in the azimuthal direction of liquid crystals. In ref. 22 , we showed that the variation of the molecular tilt direction in the Langmuir monolayer of 1-monopalmitoyl-rac-glycerol can induce an azimuthal orientation in nematic liquid-crystal layers. After the liquid-crystal optical amplification, the tilted textures in the monolayer can be easily visualized with a polarizing optical microscope. In this study, we imaged the molecular-tilt ordering in the self-assembled tubules of a chiral phospholipid by using liquid crystals as an optical amplification probe. We observed both uniform and modulated tilt states of the lipid tubules, which have been predicted by current theories.
Materials and Methods
Lipid tubules were prepared by controlling the cooling process of a 5 mg͞ml suspension of 1,2-bis(tricosa-10,12-diynoyl)-snglycero-3-phosphochloline (DC 8 , 9 PC) (Avanti Polar Lipids) in ethanol͞water (70:30, vol͞vol). The polymerization of the tubule suspension was performed with the UV irradiation (254 nm) for 20 min at room temperature. A drop of a tubule solution was placed and then dried on octadecyltrichlorosilane monolayer coated glass slides, which generate homeotropic alignment of liquid crystals. Sealed cells containing 4-pentyl-4Ј-cyanolbiphenyl (5CB) (BDH) or MLC-6609 (EM Laboratories, Elmsford, NY) liquid crystals were prepared with two glass slides. The DC 8 , 9 PC tubules were deposited on one of them. The two glass slides were separated by a 25-m Mylar spacer. Liquid-crystal orientation in the cells was examined by using a polarizing optical microscope (BX 40, Olympus), and images were captured by using a digital camera (C2020 Zoom, Olympus) mounted on the microscope. Image analysis was preformed with MATLAB software. For the polarizing microscope, the optics was adjusted to complete extinction before placing samples on the stage. An atomic force microscope (Dimension 3100, Digital Instruments, Santa Barbara, CA) was used to study the structure of the lipid tubules deposited on glass substrates. Silicon nitride cantilevers (Nanosensors, Neuchatel, Switzerland) with a resonant frequency of Ϸ260 kHz were used. The cantilever was excited just below its resonant frequency. All atomic force microscope (AFM) measurements were performed in the tapping mode at a scan rate of 0.5 Hz in air at room temperature. Fig. 1c is an AFM image of a lipid tubule immobilized on a glass substrate. This AFM image was taken 6 h after the tubule was dried in air at room temperature. The tubule shows a slightly flattened top surface with an end of the twisted bilayer stripe, suggesting that it is formed by rolled up of bilayer stripes. Thomas et al. (26) directly observed the tubule formation in the early stage with optical microscopy and found that, as the gaps between the bilayer stripes closed, the helical ribbon turned to a cylindrical tubule. It is clear from Fig. 1c that the edges of the bilayer stripes fuse to form a continuous homogeneous tubule. There are no seams observed on the tubule surface. The flattening is believed to a result of the drying on the glass substrate. The cross section measurement shows that the tubule is Ϸ0.696 m in height, which agrees with the diameter of single tubules. The apparent width of the tubule in the AFM image is 3.2 m. The increased width is attributed to the geometrical effects of the AFM tip and the drying process. Fig. 2 shows liquid-crystal 5CB images of a lipid tubule between crossed polarizer and analyzer. Here, the optical contrast is a result of the orientation changes of the liquid-crystal 5CB. We found that the tubule is lighted up by the 5CB, and it changes its brightness upon rotation of the sample. The tubule becomes dark and disappears in the liquid-crystal image if the direction of its axis is 45°to the polarizer (Fig. 2 a and c) , and it becomes bright if the direction is parallel to the polarizer (Fig.  2 b and d) . We carefully measured the intensity of the transmitted light through a number of the tubules during their rotation to quantify the uniformity of azimuthal orientation of the 5CB with the image analysis. A strong modulation in the intensity of the transmitted light was observed (Fig. 2e) . The tubules show the maximum transmittance when they are parallel to the polarizer and the minimum transmittance when they are orientated by 45°with respect to the polarizer. These measurements led us to conclude that the lipid tubules induce uniform azimuthal orientation of the 5CB in a direction that is Ϸ45°to the tubule axis. To understand the interactions that drive the azimuthal orientation of the liquid crystal, we tested the orientation of the MLC-6609 on the lipid tubules. It was found that the MLC-6609 also showed a uniform azimuthal direction, which is Ϸ45°to the tubule axis. Because the anisotropy of the dielectric constant is positive (⌬ ϭ ϩ8) for 5CB but negative for MLC 6609 (⌬ ϭ Ϫ4.2), it is likely that the coupling between the liquid-crystal molecules and lipid tubules that gives to the preferred azimuthal direction is not due to the dielectric coupling of the liquid crystal to the electric field of tubule surface. X-ray diffraction (27) has revealed that the lipid molecules are tilted with respect to the normal of the tubule surface. Here, the first layer of the 5CB molecules might partially penetrate into the tilted lipid bilayer to adopt the lipid orientation through the chain-chain interaction. The long-range orientation correlation of the liquid crystal leads to the surface-induced tilt order into the bulk phase. The penetration of the 5CB molecules in lipid monolayers has been reported (28) (29) (30) . These studies also show that the 5CB adopt the orientation of the lipid molecules to form a uniformly aligned liquid-crystal layer on the lipid monolayers.
Results and Discussion
We conclude that the preferred azimuthal direction of the 5CB shown in Fig. 2 reflects the uniform tilt state of the lipid tubules.
Not all lipid tubules below the 5CB show uniform brightness when they are viewed with a polarizing microscope. For example, we found that a featureless tubule in the unpolarizing optical microscopy ( Fig. 3a) shows birefringence helical stripes in the polarizing optical microscopy (Fig. 3b) . These birefringence stripes are a result of the orientation changes of the liquid-crystal 5CB on the tubule surface. They are lost when the 5CB is heated into the isotropic phase but reappear when the 5CB is cooled down to the nematic phase, which is clear evidence that the birefringence helical stripes in the liquid-crystal image are induced by the tubule. Fig. 3c is a liquid-crystal image of multiple lipid tubules between crossed polarizer and analyzer. The birefringence helical stripes are observed on three tubules, which are orientated at slightly different directions. We carefully measured the intensity of the transmitted light across the width of the birefringence helical stripes with the image analysis. We found that the intensity has a minimum at both edges of the stripes and reaches a maximum in the middle of the stripes (Fig. 3d) . The changes of the transmitted intensity reflect the variations of the tilt azimuth direction of the 5CB across the width of the birefringence stripes. We conclude that the observed birefringence helical stripes reflect the modulated tilt state of the lipid tubules. Based on statistic analysis of the liquid-crystal images of the tubules, we found that Ϸ10% of the lipid tubules show the modulated tile state.
To further understand the director distributions of the liquidcrystal 5CB on the lipid microtubule, we used a finite-element method (31), which is known as a useful three-dimensional modeling for a complicated structure with an arbitrary geometry, to explain the liquid-crystal images of the lipid tubules. It is known that the optical properties of liquid crystals are determined by the director, which represents the local orientation of the molecules. By giving the boundary conditions, the director in the interior of the liquid crystal can be calculated by minimizing the total free energy, which is the summation of the elastic free energy and the surface free energy as follows:
where f g , f e , and f s are the total free energy, the elastic free energy, and the surface free energy, respectively. The total free energy in the direction of the director vector can be written as follows:
[2]
By substituting Eq. 2 to Eq. 1, after simplification the separated form of the total free energy is related to the elastic free energy and the surface free energy as follows (32):
[3]
The elastic free energy f e is calculated from the following Oseen-Frank free-energy equation (33):
where q 0 is the inherent chiral term; n is the director vector; and K 11 , K 22 , and K 33 are the splay, twist, and bend elastic constant, respectively. The potential distribution can be solved as a variational problem with a finite-element method, where the liquid-crystal cell is discretized with the first-order hexahedral element and the periodic boundary condition is applied in the (x, y) plane. Strong anchoring is assumed to the liquid-crystal director and the Dirichlet boundary condition is imposed on the resultant matrix equations. The normalized light transmittance through the liquid-crystal medium under the crossed polarizers can be described as follows (34) :
where is the rotation angle of liquid-crystal director, ⌬n is the liquid-crystal birefringence, d is the cell gap, and is the wavelength of the incident light. For the liquid-crystal 5CB at room temperature, we have ϭ 0.5 m and ⌬n ϭ 0.18. During the simulation process, we assumed that the liquid crystal is aligned on the bilayer walls of the lipid microtubules. Therefore, in the region where the bilayers are located, there would be the extra phase retardation between the neighboring liquid-crystal medium. The effective birefringence can be described as follows (35) :
Here, is the tile angle of liquid-crystal molecules on the bilayers, and n e and n o are the extraordinary and ordinary index of liquid-crystal molecules, respectively.
We modeled the lipid tubule by a cylinder with a slightly flattened top surface extended along the y axis. The 5CB on the tubules is assumed to be tilted by 45°from the local surface normal (Fig. 4a) . The azimuthal direction of the 5CB gradually changes on the tubule surface (Fig. 4b) . Along the glass slide, the anchoring is homeotropic (i.e., the director points perpendicular to the surface). When we have derived the director configuration shown in Fig. 4 a and b , we calculate the transmitted intensity profile around the microtubule. Fig. 4c shows the resulted pattern of the transmitted intensity profile around the tubule. The theoretic image also shows birefringence helical stripes, which are comparable with the experimental image shown in Fig.  3b . This consistency suggests that our assumption for the anchoring of the 5CB on the tubule surface is appropriate.
Although we have not fully understood the origin of the molecular-level interaction between the 5CB and the DC 8 , 9 PC that leads to the azimuthal orientation in the liquid-crystal layer, it is likely that the 5CB molecules in the first layer partially penetrate into the tilted lipid bilayer to adopt the lipid orientation through the chain-chain interaction. The surface-induced tilt order is extended into the bulk phase because of the longrange orientation correlation of the liquid crystal. The liquidcrystal optical amplification allows us to visualize the molecular tilt states in the lipid tubules with a polarizing optical microscope. Our results demonstrate that the self-assembled tubules of the DC 8 , 9 PC have both uniform and modulated tilt states. An understanding of the molecular tilt orientation is a key step in controlling the size and shape of lipid tubules and designing new structures for nanotechnology.
